Uroporphyrinogen III synthase (U3S) catalyzes the asymmetrical cyclization of a linear tetrapyrrole to form the physiologically relevant uroporphyrinogen III (uro'gen III) isomer during heme biosynthesis. Here, we report four apoenzyme and one product complex crystal structures of the Thermus thermophilus (HB27) U3S protein. The overlay of eight crystallographically unique U3S molecules reveals a huge range of conformational flexibility, including a "closed" product complex. The product, uro'gen III, binds between the two domains and is held in place by a network of hydrogen bonds between the product's side chain carboxylates and the protein's main chain amides. Interactions of the product A and B ring carboxylate side chains with both structural domains of U3S appear to dictate the relative orientation of the domains in the closed enzyme conformation and likely remain intact during catalysis. The product C and D rings are less constrained in the structure, consistent with the conformational changes required for the catalytic cyclization with inversion of D ring orientation. A conserved tyrosine residue is potentially positioned to facilitate loss of a hydroxyl from the substrate to initiate the catalytic reaction.
Tetrapyrrole cofactors such as heme, chlorophyll, cobalamin (vitamin B12), siroheme and coenzyme F430 are essential for oxygen transport, electron transport, photosynthesis, methionine synthesis in mammals, nitrite and sulfite assimilation, and methane production in methanogens. Tetrapyrrole cofactors share a multistep, branched biosynthetic pathway (1, 2) . In mammals, the initial steps include the reaction of glycine and succinyl-CoA to produce 5-aminolevulinic acid (ALA 1 ), condensation of two ALA molecules to form the basic pyrrole structure (porphobilinogen, PBG), and assembly of four PBG pyrroles into a linear tetraypyrrole (hydroxymethylbilane, HMB). Subsequently, uroporphyrinogen III synthase (U3S; E.C. 4.2.1.75) cyclizes HMB to produce uroporphyinogen III (uro'gen III), the last common precursor of all tetrapyrrole cofactors. Remarkably, U3S catalyzed cyclization occurs with inversion of the fourth pyrrole ring (D ring) to form the III isomer of uroporphyrinogen. As illustrated in Figure 1 , the U3S catalyzed reaction is believed to proceed via loss of substrate hydroxyl to form an initial azafulvene intermediate, which proceeds to a spiropyrrolenine transition state in which carbons 16 and 20 form a covalent bond. A second azafulvene intermediate is resolved by bond formation between substrate carbons 19 and 15 to produce the uro'gen III product (3) (4) (5) . In the scheme, the D ring of the proposed spiro-pyrolenine transition state is excluded from the primary ring by connection of the A-D and C-D bridge carbon atoms through a single carbon atom of the D ring, C16. In support of this mechanism, a spirolactam derivative of the proposed transition state ( Figure 1 ) has been shown to competitively inhibit the enzyme (6) .
Defects in tetrapyrrole biosynthetic enzymes are associated with human disease, and mutations in U3S cause congenital erythropoietic porphyria (CEP), which is transmitted as an autosomal recessive trait (7, 8) . In the absence of U3S activity, HMB autocyclizes to uroporphyrinogen I, which is released from cells and is fully oxidized to uroporphyrin I, where it reaches elevated levels in the urine and defines the biochemical manifestation of the disease. The severe phenotype associated with CEP was one of the first disorders of porphyrin biosynthesis described by Günther in 1911, and is often referred to as Günthers disease (9) . The disorder has been described in multiple ethnic groups with approximately 200 cases reported worldwide. The developing erythroblast is the primary site for the overproduction of porphyrins and fluorescence of the marrow is a uniform finding. The defective erythroblasts are fragile and prone to peripheral hemolysis leading to varying degrees of anemia and splenomegaly. Homozygotes or compound heterozygotes with a phenotype of CEP generally have less than 10% of normal U3S activity; however, patients with mild signs of CEP may have up to 20% of normal activity (10, 11) . Severe photosensitivity is common in patients, with skin fragility and cutaneous infections leading to photomutilation (12) . The majority of known point mutations are expected to reduce enzyme activity by interfering with protein stability, such as by disrupting the packing of the hydrophobic core or by exposing hydrophobic residues to the solvent (13) .
The current level of structural understanding of the U3S mechanism is provided by crystal structures and mutagenic/ biochemical analysis of the human enzyme (13) , and by two Thermus thermophilus (strain HB8) structures that were recently deposited in the Protein Data Base (14) (PDB codes 1WCW and 1WD7) by the RIKEN Structural Genomics/ Proteomics Initiative (15) . The U3S structure comprises two R/ domains that each contain a central 5-stranded -sheet flanked by R-helices; although the two domains possess similar folds, they differ in the position and angles of the helices. The two strands connecting the domains, which are presumably flexible in solution, adopt an extended -sheet conformation in the human U3S crystal structure and display a range of less regular conformations in the T. thermophilus structures. Consistent with these structures, it has been proposed that the active site lies between the domains and that a significant conformational change might occur upon substrate binding (13) .
In an effort to better understand the mechanism of U3S we set out to obtain a ligand protein complex. This effort failed using the human enzyme, but we did succeed in crystallizing and determining the structure of T. thermophilus (strain HB27) U3S (TtU3S) in complex with the reaction product, uro'gen III. In addition, we determined additional structures of apo T. thermophilus U3S, which collectively display an impressive (90°) range of interdomain angles. The uro'gen III product is seen to bind between the two domains, and specific interaction of the ligand carboxylate groups suggests that the defined closed conformation is formed in both substrate and product complexes. There is a notable lack of interactions between the enzyme and the product's pyrrole rings, and the dominant use of enzyme main chain groups for hydrogen bonding interactions is consistent with the apparent lack of conserved active site residues (13) . The precise coordination of A and B pyrrole carboxylate groups and solvent exposure of the D ring carboxylates is consistent with the model that the enzyme functions by restricting substrate conformations to productive orientations while allowing the D ring to rotate.
MATERIAL AND METHODS
The gene encoding the T. thermophilus (strain HB27) U3S (TtU3S) was obtained from a genomic DNA library (ATCC) and cloned into pET151/D-TOPO for expression with an N-terminal His-tag followed by a TEV protease cleavage site immediately preceding the full open reading frame. Recombinant protein expression in BL21(DE3)pLysS codon plus cells occurred by autoinduction (16) . Protein was extracted from clarified whole cell lysate and purified over a Ni 2+ affinity column (Qiagen). TEV cleavage was performed at room temperature overnight during dialysis into 20 mM Tris-HCl, 100 mM NaCl, pH 7.0 (all pH values were determined at room temperature, and all chromatography columns were run at 4°C). Following size exclusion chromatography on a S200 column (Pharmacia) equilibrated in the same buffer supplemented with 1 mM DTT, the purified protein was concentrated to 8-12 mg · mL -1 for crystallization trials.
Four crystal structures were obtained: three apo (TtU3S1, TtU3S2, TtU3S3) and one product complex. The crystals typically grew in clusters that required manipulation to extract single crystals for data collection. All crystals were grown by vapor diffusion in sitting drop trays by mixing 2 µL of protein with 2 µL of precipitant solution and equilibrating the drop over 1 mL of precipitant solution. Small apo crystal forms grew at 4°C within 1-7 days over the following reservoir solutions: TtU3S1, 1.2 M NaPO 4 , 0.8 M K 2 PO 4 (∼20 µm × 50 µm × 100 µm; deltoid shape); FIGURE 1: The proposed mechanism of U3S catalyzed formation of uro'gen III (3). This figure resembles that of Roessner et al. (33) . Spirolactam, a transition state mimic, has been shown to be a competitive inhibitor of U3S (36) , and the structure of a synthetic precursor, methylated dinitrilepyrrolenine, has been determined (6) . A ) CH 2 CO 2 , P ) CH 2 CH 2 CO 2 .
TtU3S2, 21-24% PEG MW 8000, 0.2 M Mg acetate, 0.1 M MES-HCl, pH 6.5, 0.2 M NaCl (100 µm × 200 µm; rectangular plate clusters, very thin in the third dimension); TtU3S3, 18-24% PEG MW 8000, 0.1 M Tris-HCl, pH 8.5, 0.2 mM MgCl 2 (30 µm × 30 µm × 100 µm; rod clusters).
Uro'gen III was produced by chemical reduction of uroporphyrin III (Frontier Scientific, Logan, UT) using a method developed by H. Bergoniam and J.D.P. (in preparation). Briefly, 2 mg of uroporphyrin III was resuspended in 200 µL of H 2 O and 1,800 µL of methanol. The mixture was added to 5 mg of 10% palladium on activated carbon (PdC, Aldrich, St. Louis, MO) in a hydrogen atmosphere and stirred for 40-60 min. The PdC was removed using a glass fiber filter. The filtrate was dried under argon gas at 60°C. The reduced uro'gen III was resuspended in 100 µL of 10 mg · mL -1 TtU3S in 20 mM Tris-HCl, 100 mM NaCl, 1 mM DTT, pH 7.0 prior to setting down crystal trays. Despite multiple attempts, only one drop containing the product complex crystals was obtained. The crystals (∼30 µm × 30 µm × 30 µm; cube) grew anaerobically (using degassed solutions and incubated in an anaerobic chamber) over a reservoir of 28% PEG MW8000, 0.1 M MES-HCl, pH 6.5, 0.2 M Mg acetate at 16°C in 4 days.
All crystals were cryoprotected in a solution of the precipitant made up with 20% glycerol and cryocooled by plunging into liquid nitrogen prior to data collection on beamlines X25 and X29 at the National Synchrotron Light Source, Brookhaven National Laboratory. Data were processed using the HKL suite of programs (17) . Molecular replacement was performed with PHASER (18) using the T. thermophilus (strain HB8) U3S structure deposited to the PDB by the RIKEN Structural Genomics/Proteomics Initiative (pdb code 1WD7) (15) . Solutions for all structures were only found when the two R/ domains of U3S were separated into independent search models. The -strand linker was rebuilt in all structures using O (19) , and final modeling and structure validation were performed using the program COOT (20) . The uro'gen III ligand and corresponding refinement constraints were built using the SKETCHER module of CCP4 (21) . All refinements, including 10 segment TLS (22) refinements, were performed using REFMAC (23, 24) . Crystallographic statistics are given in Tables 1 and 2 .
RESULTS AND DISCUSSION
Structures of T. thermophilus U3S. The structure of apo U3S from T. thermophilus (HB27) (TtU3S) was determined in three different crystal forms, two of which contained one molecule in the asymmetric unit and one of which contained two molecules in the asymmetric unit, to give a total four crystallographically independent views of the unliganded enzyme. A crystal structure of TtU3S in complex with uro'gen III (product) was also determined. Attempts to obtain a complex between spirolactam (a kind gift of Alan Spivey) and the human U3S failed as did attempts to form a complex between T. thermophilus U3S and PBG. Curiously, all of the T. thermophilus crystal forms grew from very similar conditions, and the drops of apo enzyme often contained more than one form. The different apo and product complex structures were refined against data collected to 1.6-2.0 Å with R free values of 18.0-20.4% and good geometry ( Tables  1, 2) .
As expected, TtU3S adopts the same overall fold as previously determined U3S structures (PDB codes 1JR2, 1WD7, and 1WCW) (13, 15) . The first 8 and last 4 residues are generally disordered. Domain 1 comprises residues 8-39 and 168-260, domain 2 comprises residues 47-161, and the two domains are connected by two linker sequences comprising residues 40-46 and 162-167. The structures of domains 1 and 2 are each highly conserved between the different U3S structures. The overlap of multiple individual domains for the five unique TtU3S (HB27) molecules using the maximum likelihood approach and the program THE-SEUS (25) yields root-mean-square deviations (RMSDs) of 0.46 Å (domain 1; 123 CR) and 0.77 Å (domain 2; 114 CR), respectively. TtU3S (HB27) is 98% identical to TtU3S (HB8) with only 4 amino acid substitutions, all of which are within the first 10 residues. Pairwise comparisons typically display RMSDs of 0.4 Å and 0.6 Å for overlaps on domain 1 and domain 2, respectively. Despite a sequence identity between the T. thermophilus and human enzymes of only 14%, the structural alignment has a Z-score of 14.8 using the program DALI (26) , and RMSDs on structurally equivalent residues of domain 1 (115/121 CR) and domain 2 (113/127 CR) are 2.7 Å and 2.5 Å, respectively.
The short linker segments between the two domains form an antiparallel -ladder in the maximally extended human enzyme, but adopt less regular conformations in the TtU3S structures and are often poorly ordered in the apo structures. Linker flexibility facilitates an impressive array of relative domain orientations, and superposition of all structures on domain 1 shows a wide range of relative displacements of domain 2, including separations of up to 23.6 Å in centroid position and rotations of up to 90° (Figure 2 ) (LSQKAB) (27) . The relative motions do not result from a single hinge point in the linker region, but reflect gradual shifts in phi/ psi angles over the course of the linkers, and a wrapping of the first strand (residues 39-46) around the second (residues 162-167). The overall impression is that the linker will be highly mobile in solution with domains experiencing a wide range of relative orientations in the absence of a bound ligand.
Structure of the Product Complex. The molecular replacement phased map of the cocrystallized product complex revealed strong density for the bound uro'gen III located between the two domains ( Figure 3 ). This binding site is consistent with sequence conservation and NMR chemical shift changes observed in interface residues upon addition of HMB derivatives to U3S (13, 28) . There are no major conformational changes observed within domains 1 or 2, although the two domains are much closer to each other than in any of the apo structures, consistent with the model that the flexible domains close around the bound substrate.
The product tetrapyrrole ring is largely surrounded by the enzyme (Figure 4) , with a total of 688 Å 2 of U3S surface area buried against the ligand. Solvent channels run through the active site, and ten water molecules form 14 interactions with the uro'gen III. Few hydrophobic contacts are made with the ligand. Val69 from domain 2 sits adjacent to the D ring pyrrole while Val190, Ala191 and Ile193 (in domain 1) pack behind the B ring. The cyclic tetrapyrrole adopts a highly puckered "two-up, two-down" conformation, where rings A and C are pointing in one direction and rings B and D are pointing in the opposite direction ( Figure 3B ). The pyrrole NH groups do not interact with the enzyme but instead form hydrogen bonds with ordered water molecules. This is in contrast to the structure of the following enzyme in the heme biosynthetic pathway, uroporphyrinogen decarboxylase, which binds its product with all four pyrrole NH groups pointing in one direction and coordinated by a single active site aspartate side chain (29) . In the conformation seen here for TtU3S, direct interaction between the enzyme and uro'gen III NH groups is prevented by the disposition of the ligand's carboxylate side chains on both sides of the tetrapyrrole.
Most of the direct hydrogen bonds between uro'gen III and TtU3S are between the product's carboxylate side chains and main chain NH groups of the enzyme ( Figure 3B ). The protein side chains that form hydrogen bonds with the product are Lys141, His165, and Gln194, which coordinate the A ring propionate, A ring acetate, and B ring acetate, respectively. None of these residues is highly conserved, and all of their coordinated tetrapyrrole carboxylates also form hydrogen bonds with main chain amides that appear sufficient to define the uro'gen III conformation. Consistent with the failure of an earlier effort to identify critically important residues for U3S catalysis (13) , these observations explain why the U3S active site does not contain many invariant amino acid side chains (Supporting Information).
The uro'gen III A ring acetate forms hydrogen bonding interactions with the main chain amides of Gly140 from domain 2 and the NE2 of linker residue His165. The A ring propionate hydrogen bonds with the main chain amides of Ala192 and Ile193, and the Lys141 NZ atom from domain 1 ( Figure 3B ). Because these A ring interactions involve both domains, they appear to be especially important for the induction of domain closure upon ligand binding. Binding of the B ring acetate with the Leu16 NH further constrains the uro'gen III and may explain the observation that substrate binding is abolished when the acetate and propionate groups of rings A or B are swapped (30, 31) . These hydrogen bonds and the constricted environment of the A and B ring pyrroles also indicate that the first two rings of the substrate become conformationally constrained upon binding the enzyme.
The C ring propionate forms hydrogen bonds with the NH groups of Gly28 and Val69, although the C ring pyrrole binding site appears to be relatively open and the acetate does not directly contact protein. This is consistent with a model in which the C ring undergoes some limited motion during catalysis and the observation that swapping the two side chains at this site does not significantly affect catalytic activity (30, 31) . The D ring carboxylates extend into solvent and do not make any interaction with the enzyme, consistent with the finding that swapping the D ring acetate and propionate side chains does not significantly alter catalytic efficiency (30, 31) . This also suggests that the motions of the D ring, which has to flip during the reaction, are relatively unconstrained.
Comparison with Related U3S Enzymes. U3S is one of the most highly diverged of the heme biosynthetic enzymes, with a sequence identity of only 14% between the human and T. thermophilus enzymes. We therefore performed a structure-based sequence alignment of the human and T. thermophilus sequences and further aligned the Arabidopsis (32) and Anacystis nidulans sequences (33) on the basis of threading calculations using the program PSIPRED (34) (Supporting Information). This analysis indicates that seven residues are invariant. Three of the invariant residues are glycines, Gly22, Gly90 and Gly214 that lie on tight turns and adopt phi/psi angles disfavored for other residues. Two others, Pro29 and Ala94, lie on a strand (domain 1) and helix (domain 2), respectively, and point into hydrophobic pockets of the enzyme. Thus, five of the seven invariant residues perform structural roles. Thr217 lies on a surface loop and points its hydroxyl toward the bound product at a distance of 5.1 Å. Thr228 appears to be conserved because it contributes to catalysis; mutation of the corresponding human Thr228 to Ala resulted in the greatest activity loss of residues studied, although this residue is not essential for catalysis because the mutant protein still retained 32% of wild-type activity. The one other invariant residue, Tyr155, is discussed below.
Prediction of ligand binding by the human enzyme from the known interactions of the T. thermophilus U3S product complex is complicated by the low sequence similarity and the large-scale domain motions that must occur upon binding. In order to build a plausible model of the human enzymeproduct complex, we performed independent alignments of each domain and of the linker segment of the unliganded human U3S structure onto the TtU3S complex. In the resulting model, substitution of two residues by proline eliminates main chain amides that hydrogen bond with product in the T. thermophilus U3S complex. Additionally, two residues in the human model would need to be repositioned, for example by adopting an alternative rotamer conformation, in order to avoid steric clash. Overall, the human U3S product complex model seems to be reasonable if approximate.
A study of the U3S protein from A. nidulans reported that mutation of Tyr166 to Phe resulted in an inactive enzyme (33) . In contrast, our earlier study concluded that the equivalent Tyr168Phe mutation in human U3S only caused 50% reduction of activity (13) . Concern that our assays may have been performed under conditions of limiting substrate (33) is not valid because data were taken entirely from the range in which the reaction was linear, which is only expected to occur when substrate is saturating (13) . Inspection of the different U3S structures reveals that this conserved tyrosine is located on the linker connecting the two domains and adopts a variety of conformations. In the TtU3S product complex, the equivalent Tyr155 residue adopts a solvent exposed conformation and is separated from the A and D rings of the uro'gen III product by Tyr131, with the closest interatomic distance between Tyr155 and the product B ring being 7 Å ( Figure 5A ). Our modeling suggests that, in the context of the human U3S structure, Tyr168 might approach the uro'gen III bridge carbon, C20, and be well positioned to hydrogen bond with the tyrosine to the HMB hydroxyl ( Figure 5B ). In this speculative model, the putative catalytic tyrosine would contribute to loss of the substrate hydroxyl and formation of the azafulvene intermediate, as suggested for the A. nidulans enzyme (33) , with the different tyrosine contexts possibly contributing to differences in enzymatic activity for U3S enzymes from the different species.
Implications for Catalytic Mechanism. The HMB substrate autocyclizes in the absence of U3S to form the symmetrical uro'gen I isomer with a half-life of only 4 min (Figure 1 ) (35) . U3S therefore likely functions in part by restricting HMB to conformations that avoid attack of carbon 19 on carbon 20 and formation of the I isomer, but allow attack of carbon 16 on carbon 20 and formation of the III isomer product. Unfortunately, the product complex does not provide a clear indication of how this is achieved in detail. To further investigate the mechanism we have modeled a plausible transition state based on both the uro'gen III-bound crystal structure and a crystal structure of a methylated dinitrilepyrrolenine (6) (Figure 1 ). This molecule is a synthetic precursor to the known competitive inhibitor spirolactam, and its crystallization demonstrated that the contracted ring structure is energetically viable (6) (Figures 1, 5B) . To generate the transition state model, the dinitrilepyrrolenine was positioned in the active site by overlap of the A and B pyrroles on the product complex structure, which as discussed above are the most tightly coordinated and constrained components of the product complex. Our model depicts the methoxy side chains of the dinitrile derivative as carboxylates, and rotates the flexible side chains into a position most matching the bound uro'gen III structure ( Figure 5B ). The nitrile groups were replaced with a full pyrrole ring, complete with side chains, and the macro-ring pucker and orientation of the D ring carboxylates were positioned to minimize conflicts with the enzyme. The transition state model is more compact than the product, with the distance between A and C pyrrole nitrogens reduced from 4.8 Å to 3.4 Å, and the diameter of the ring contracted from 7.0 Å to 6.2 Å when measured diagonally between bridge carbons. Despite these differences, it is trivial to accommodate all of the hydrogen bonds seen in the product complex crystal structure in the transition state complex model and the transition state model is structurally quite similar to the observed product complex structure ( Figure 5B biochemistry (30, 31) , we favor the model that the substrate A and B rings bind in the same manner as seen in the product complex. This suggests that the relative domain orientation is defined to a large extent by the A ring, whose side chains contact both U3S domains, and whose binding is likely to be a major trigger for domain closure and formation of the catalytic environment. Because the initial catalytic step appears to be loss of a hydroxyl from an A ring subsituent and that A ring binding likely defines the main features of the closed conformation, we speculate that large scale changes in domain orientation are not deployed during the catalytic cycle. Nevertheless, the chance of some functionally important enzyme conformational change remains a clear possibility. More complete understanding of U3S mechanism will require additional information, such as structures of substrate or intermediate complexes, perhaps reinforced by a computational analysis of possible reaction coordinates. Supplementary Figure 1 contains a structure-based sequence alignment with corresponding secondary structure. This material is available free of charge via the Internet at http://pubs.acs.org. 
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